Abstract
I. INTRODUCTION
The electrocardiogram (ECG) is an invaluable tool for diagnosis of heart diseases. The volume of ECG data produced by monitoring systems can be quite large over a long period of time, and data compression is often needed for efficient storage of such data. Similarly, when ECG data need to be transmitted for telemedicine applications, data compression needs to be utilized for efficient transmission. While ECG systems are found primarily in hospitals, they find use in many other locales. ECG systems are used by paramedics responding to accident scenes in emergency vehicles. They are also used by clinicians at remote sites. Certain military and/or space missions also employ ECGs. A growing area of use for ECGs is the 24-hour holsters that are leased by consumers. These portable ECG devices record and store the data for subsequent interpretation by a doctor.
In the past, many schemes have been presented for compression of ECG data [1] - [11] . These compression techniques can be broadly classified into three groups: direct time-domain techniques [1] - [3] , parametric techniques [9] , and transform domain techniques [3] - [11] . Transform techniques include several wavelet-based compression methods. The good time-frequency localization properties of wavelets make them especially suitable for data compression applications. Wavelets have been used in many data compression 1 A. Bilgin applications recently, and have produced good results [4] - [8] , [10] .
In this work, we present a method for compression of ECG data using JPEG2000, the latest international image compression standard [12] , [13] . Although JPEG2000 was developed to compress images, it can be used to compress other signals as well. As an example, we illustrate how a JPEG2000 codec can be used to compress ECG data. In Section II, we provide a brief overview of JPEG2000. Section III presents the coding algorithm. Experimental results and comparisons with other coders in literature are presented in Section IV. In Section 0, we provide conclusions and directions for future work.
II. OVERVIEW OF JPEG2000
JPEG2000 is the latest international image compression standard [12] , [13] . It is intended to replace its highly successful predecessor JPEG in many applications. Besides providing state-of-the-art compression performance, it offers a number of functionalities that address the requirements of emerging imaging applications, including:
• Progressive transmission by quality, resolution, component, or spatial locality.
• Lossy and lossless compression.
• Random (spatial) access to the bitstream.
• Pan and zoom (with decompression of only a subset of the compressed data).
• Compressed domain processing (e.g., rotation and cropping).
• Region of interest coding by progression.
• Limited memory implementations.
The basic block diagram of a JPEG2000 encoder is illustrated in Fig. 1 . As illustrated, the first step in JPEG2000 compression is to divide the image into non-overlapping rectangular tiles. The tile size can be selected at compression time, and the entire image can be compressed as a single tile. An optional component transform can be applied, if the image has multiple components. This transform is used to decorrelate the components. The samples of a component that fall into a particular tile are referred to as a tile-component. Each tilecomponent is transformed using a wavelet transform and quantized. The quantization indices in each wavelet subband are divided into rectangular codeblocks. The quantization indices within each codeblock are compressed using a bitplane coder. The individual codeblock bitstreams are then grouped together to form the JPEG2000 codestream.
For a detailed overview of JPEG2000, the interested reader is referred to [14] . A comprehensive description of JPEG2000 can be found in [13] .
III. ECG DATA COMPRESSION USING JPEG2000
The dependencies in ECG signals can be broadly classified into two types: The dependencies in a single ECG cycle and the dependencies across ECG cycles. These dependencies are sometimes referred to as intrabeat and interbeat dependencies, respectively. An efficient compression scheme needs to exploit both dependencies to achieve maximum data compression.
The block diagram of the proposed method is presented in Fig. 2 . To compress the ECG data using a JPEG2000 codec, the one-dimensional ECG sequence needs to be processed to produce a two-dimensional matrix. Since it is desirable to exploit both the intrabeat and interbeat dependencies, the segmentation of the ECG sequence should be performed in such a fashion that the resulting matrix allows exploitation of both types of dependencies by the JPEG2000 codec. Thus, the first step in the presented algorithm is to separate each "period" of the ECG as illustrated in Fig. 3 . Each such period is then stored as one row of a matrix. It can be seen that the intrabeat dependencies are in the horizontal direction of the matrix and the interbeat dependencies are in the vertical direction. A matrix created using this approach is shown in Fig. 4 -(a). 
Since each ECG period can have a different duration, the matrix generated using the above approach will have a different number of data points in each row. In order to exploit the interbeat dependencies using JPEG2000, we normalize each ECG period to the same length. We carry this out using a method similar to the one described in [11] . Let
denote the m-th ECG cycle.
Then the period-normalized ECG cycle
where ) ( t xm ′ is an interpolated version of the samples, ) (n xm , and
N is the period of the m-th ECG cycle, and N is the normalized period. We utilize cubic-spline interpolation [15] to determine ) ( t xm ′ . The period-normalized matrix corresponding to the data in Fig. 4 -(a) is shown in Fig. 4-(b) . As illustrated in Fig. 2 , the original periods
are stored and sent to the decoder as side information. Once the decoder recovers the period-normalized ECG cycles, the original ECG cycles can be easily recovered using Eq. (1).
IV. EXPERIMENTAL RESULTS
We used the MIT-BIH arrhythmia database to evaluate the performance of the proposed scheme. The ECG data used in our experiments were sampled at 360 Hz and each sample has a resolution of 11 bits/sample. We used two datasets formed by taking certain records from the MIT-BIH arrhythmia database. These datasets were chosen because they were used in earlier studies, and allow us to compare the performance of the proposed method with other coders in the literature. of the signals.
2 PRD is widely used in the ECG data compression literature, and facilitates the comparison of various schemes.
The JPEG2000 codec used in our experiments was Kakadu V2.2.3 3 . We used the default Kakadu parameters for compression; Codeblock sizes of 64 64× , 5 wavelet transform levels, 9-7 filters, etc. After the JPEG2000 codestream was generated, we stripped off the main and the tile headers from the codestream (The packet headers were kept, since these contain information needed by the decoder). These headers contain information about the parameters used in the codestream. Since we use default values for all parameters, these headers can be regenerated at the decoder and need not be transmitted. The only parameters that change across records are the image dimensions. However, these dimensions can be derived from the ECG cycle period data transmitted to the decoder as side information. The ECG cycle periods are transmitted differentially, i.e., the first period is sent and the difference between the current period and the previous period is sent for all consecutive cycles. The reported Compression Ratios (CR) are from actual compressed files and include all side information required by the decoder.
A. Selection of the normalized period
In our experiments, the normalized period was selected to be 
B. Performance loss due to misdetection of ECG period
For ECG period detection, we used the Biomedical Signal Processing Toolbox [16] . For some of the records in dataset 2, the algorithms in the toolbox resulted in some misdetections. To analyze the effects of these misdetections, we have corrected the beat information and ran our coder after these corrections. The results obtained with and without these corrections are presented in Table I 
C. Comparison with other codecs
The average PRD values obtained using the proposed method at different CR's are compared to those of [10] in Table II for both datasets. For dataset 1, the average PRD values of the presented method are superior to those of [10] for all CR's. For dataset 2, these methods yield comparable performance for low CR's. However, the presented method yields better performance at higher CR's. In Table III , the proposed method is compared to other methods in literature for different CR's and records. The methods in this table include other wavelet-based coders, as well as the parametric ECG signal coder ASEC [9] . Although the proposed method compares favorably with other methods in terms of PRD, it should be noted that a diagnostic quality assessment would be required to compare the clinical utility of different methods. To illustrate the effects of the proposed method on the reconstructed signal, we provide 2000 samples from the original record 117 in Fig. 6 , and the corresponding reconstructed signals and reconstruction errors for CR's of 8 and 20 in Figures 7 through 10 . The figures indicate that the characteristic features of the signal are preserved well in the reconstructed signals and the main effect of the proposed method is the smoothing of background noise. It is important to note that the proposed method performs well even when the input signal is irregular, i.e. ECG is arrhythmic. To illustrate this, we provide 2000 samples from the original signal 207 in Fig. 11 . Figures 12 through 15 show the corresponding reconstructed signals and reconstruction errors for CR's of 8 and 20 obtained for this record. From these figures, it can be seen that the proposed method performs well, even when the ECG signal is arrhythmic.
D. Progressive reconstruction
As mentioned in Section II, the JPEG2000 codec is capable of producing codestreams that can be decompressed progressively in rate (or quality). To illustrate the progressive decompression quality of the presented method, we have compressed record 117 at a CR of 4:1 using the presented method. We have then decompressed this single codestream at different CR's. The results are presented in Fig. 16 . The results indicate that the proposed method has good progressive reconstruction quality, and that the reconstruction quality degrades gracefully all the way up to very high compression ratios, such as CR = 90:1. 
V. CONCLUSIONS
We have illustrated that the latest international image compression standard JPEG2000 can be used to compress signals other than images. As an example, we have proposed a method that uses a JPEG2000 encoder to compress ECG data. We have tested the performance of the proposed scheme by compressing several records from the MIT-BIH arrhythmia database and compared the results to other methods. The results indicate that the presented algorithm compares favorably to other methods in the literature. Besides compression efficiency, the proposed method benefits from desirable characteristics of the JPEG2000 codec, such as precise rate control and progressive quality. Future directions for research will include optimizing the JPEG2000 codec to work more efficiently with the ECG data. We speculate that further performance improvements are possible, although these may be achieved at the expense of creating a non-JPEG2000 compliant codestream. Also, modification of the proposed scheme to achieve lossless decompression by utilizing the lossless compression capability of JPEG2000, and using the multi-component capabilities of JPEG2000 to compress multichannel ECG data are also topics for future research. Dr. Marcellin is a major contributor of technology to JPEG2000, the emerging second-generation standard for image compression. Throughout the standardization process, he chaired the JPEG2000 Verification Model Ad Hoc Group, which was responsible for the software implementation and documentation of the JPEG2000 algorithm. He is coauthor of the book, D.S. Taubman 
